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Abstract: The effect of organic loading rate (OLR) on a pressurized anaerobic filter was 
studied in a laboratory two-phase anaerobic digestion system. The anaerobic filter was 
operated successively at two working pressures (9 bar and 1.5 bar). The OLR(COD) for each 
pressure was increased from 5 to 17.5 kg·m−3·day−1. The best performance of the reactor  
at 9 bar was observed at OLR(COD) of 12.5 kg·m−3·day−1 and hydraulic retention time 
(HRT) of 1.8 day, with specific biogas productivity (SBP) of 5.3 L·L−1·day−1 and COD 
degradation grade of 90.6%. At higher OLRs and shorter HRTs, the process became 
unstable. In contrast, there was no indication of digester failure during the experiments at 
1.5 bar. The SBP peaked at OLR(COD) of 17.5 kg·m−3·day−1 with 8.2 L·L−1·day−1, where 
COD degradation grade was 90.4%. The biogas collected from the reactor at 9 bar and  
1.5 bar contained approximately 74.5% CH4 and 66.2% CH4, respectively, regardless of 
OLR variation. At OLR(COD) of 5–12.5 kg·m−3·day−1, the reactor at 9 bar had the same 
specific methane yield as at 1.5 bar, which was in the range of 0.31–0.32 LN·g−1COD. 
Raising the working pressure in the reactor resulted in an increase of methane content of 
the produced biogas. However, the low pH value (approximately 6.5) inside the reactor, 
induced by high CO2 partial pressure seemed to limit the reactor performance at high OLRs 
and short HRT. 
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1. Introduction 
Biogas, an important renewable energy source, is produced through the process of anaerobic 
digestion of biodegradable substances. It is primarily comprised of methane (CH4) and carbon  
dioxide (CO2). Biogas can be used for electricity and/or heat generation. However, with a large portion 
of CO2, the utilization of biogas is limited due to its low calorific value. Therefore, the removal of CO2 
from raw biogas is essential. After the proper purification, drying and pressurization, the biogas can be 
even directly injected into existing natural gas pipelines or used as fuel for vehicles [1]. This further 
widens the range of biogas application and increases the overall energy utilization efficiency. 
Generally, the applied external biogas purification and upgrading technologies, such as water 
scrubbing, pressure swing adsorption, cryogenic separation and membrane separation, combined with 
gas compression to inject biomethane into the gas grid, all consume high amounts of energy [2]; 
therefore, economical feasibility is always a big concern. 
Since most microbes in anaerobic digesters are inoculated from sewage slurry, excrement or 
wastewater treatment sludge under atmospheric pressure, they are normally piezosensitive or piezotolerant  
species [3]. According to Abe and Horikoshi’s [4] research, methanogens are metabolically active at 
pressures of up to 100 bar. This provides a theoretical base for the innovative concept of pressurized 
anaerobic digestion (pAD), developed at the University of Hohenheim in cooperation with the 
DVGW-research center [5]. In pressurized anaerobic digestion, the pressure of the biogas is gradually 
built up during fermentation. Under the auto-generative pressure, part of the CO2 can be directly 
removed from the reactor with the liquid effluent due to its high gas solubility. The methane-rich 
biogas can be treated and supplied to the grid without an additional post-compression process. In this 
way, biogas production, purification and pressurization are integrated in one system, and the expenses 
involved in the subsequent treatment can be reduced considerably. 
Although pressurized anaerobic digestion has several advantages over the conventional process, 
lab-scale experiments in this field are scarce. The reported few trials showed that pressurized anaerobic 
digestion had the potential to produce biogas of natural gas quality [6,7]. However, all the experiments 
were carried out under low organic loading rate (OLR) and a fixed pH value. Apparently, those 
experiments lacked enough data to get a better understanding of the overall digester performance. As 
an important operational parameter, OLR represents the biological conversion capacity of an anaerobic 
digestion system. With low OLR, the anaerobic digester is running inefficiently, while with high OLR, 
a risk of system failure due to overloading exists [8]. For example, Rincón et al. mentioned that the 
OLR(COD) from 1.5 to 9.2 kg·m−3·day−1 during the digestion of olive mill solid residue in an anaerobic 
stirred tank reactor caused an increase in the methane productivity of more than 400%, while attempts 
to further increase the OLR led to process instability [9]. In a research project on the anaerobic 
digestion of distillery wastewater in the fixed-film reactor, it was reported that the biogas productivity 
was rising from 4.5 to 8 L·L−1·day−1, but the specific methane yield was decreasing from 0.288 to  
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0.216 LN·g−1 COD, as OLR(COD) was increased from 9.2 to 20.4 kg·m−3·day−1 [10]. Therefore, it is 
necessary to investigate the OLR effect on pressurized anaerobic digesters, which can further reveal 
the technical and economical potential feasibility of the novel technology. 
The experiments in this study were conducted successively at an absolute working pressure of 9 bar 
and 1.5 bar in a lab-scale pressurized anaerobic filter reactor in a two-phase process. Six different 
OLR(COD)s (5, 7.5, 10, 12.5, 15, and 17.5 kg·m−3·day−1) were applied to the anaerobic filter at both 
pressures. The OLR was increased by increasing flow rate. That correspondingly reduced hydraulic 
retention time (HRT) from 3.9 day to 1.2 day at 9 bar and from 3.9 day to 1.3 day at 1.5 bar. By this 
means, the influence of OLRs on the system stability and performance of the pressurized anaerobic 
filter was explored. Gas production, gas quality, pH-value, volatile fatty acids (VFAs), chemical 
oxygen demand (COD), degradation grade and buffer capacity were analyzed and compared. 
2. Materials and Methods 
2.1. Reactors and Substrate  
The laboratory scale experimental setup in this study was mainly composed of six parallel-operated 
leach-bed batch reactors as the first phase for hydrolysis and acidogenesis, and one pressurized upflow 
anaerobic filter reactor as the second phase for acidification and methanogenesis (Figure 1). Each 
leach-bed reactor had a fifty-liter volume. The reactors were operated under thermophillic conditions  
(55 °C); the temperature was controlled by a water bath system (Ecoline Staredition E200, Lauda, 
Lauda-Königshofen, Germany) equipped with a thermostat and a pump.  
The anaerobic filter reactor was filled with approximately 20 L of sintered glass cylinders (Sera 
Siporax, Heinsberg, Germany) as a carrier material, which had a 270 m2·L−1 biologically effective 
surface. Above the fixed bed, a three-phase separator was installed, which prevented the suspended 
biomass from leaving the reactor with the effluent. At the headspace, there was a gas chamber, 
accounting for about 15% of the reactor volume. The temperature of the anaerobic filter reactor was 
maintained at 37 °C with heating foil (480 W, Thermo, Rohrbach, Germany) and a temperature sensor 
(GTF 103 Pt100, Greisinger, Regenstauf, Germany). In this study, the experiment was performed at 
the absolute pressure of 9 bar and subsequently 1.5 bar. The working pressures were generated by 
biogas production. Unlike in conventional anaerobic digesters, the produced biogas did not immediately 
leave the anaerobic filter until the desired pressure (9 bar or 1.5 bar) in the reactor was reached. Once 
the gas started to be released, the pressure in the reactor dropped, and the gas outlet was closed again. 
The process occurred instantaneously, and therefore, the pressure drop due to the valve opening  
was small (approximately 0.1 bar). The entire process was controlled by a pressure sensor  
(Ceraphant T PTC31, Endress+Hauser, Reinach, Switzerland) and a control valve (Bürkert 2712, 
Ingelfingen, Germany).  
Both the anaerobic filter and the leach-bed reactors had gas outlets that were connected to gasbags 
for gas quality and gas quantity measurement. In order to provide good contact between the microbes 
and the substrate, the process liquid in each reactor was internally recycled five minutes every ten 
minutes at a flow rate of 0.6 L·min−1.  
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Figure 1. Schematic diagram of the two-phase pressurized anaerobic digestion system 
(Sensors: 1: Liquid level sensor; 2: Pressure sensor; 3: pH sensor; 4: Temperature sensor). 
 
Alternating weekly two of the six leach-bed reactors were emptied and fed with 10 kg (fresh mass) 
maize silage from the agricultural experimental station of the University of Hohenheim (Unterer 
Lindenhof, Eningen, Germany). The composition and the characteristics of the maize silage are given 
in Table 1. Together with the fresh maize silage, a certain amount of micronutrients were also added to 
the reactors, providing necessary nutrients for microbial growth and avoiding biological process 
disturbances. The dosage and the composition of the micronutrients was based on Vintiloiu et al.’s [11] 
recommendation. The maize silage in the leach-bed reactors was slowly decomposed and turned into a 
leachate rich in organic acids and alcohols. Twice a week, approximately 12 liters of the leachate from 
each leach-bed reactor flowed through a 100 μm filter and were collected in a tank (Tank1 in  
Figure 1). There, the leachate was stored and homogenized by a circulating pump, and used as an 
intermediate substrate for further acetogenesis and methanogenesis in the pressurized anaerobic filter. 
At lower OLR(COD) (5, 7.5 and 10 kg·m−3·day−1), the anaerobic filter was fed every six hours, while at 
higher OLR(COD) (12.5, 15 and 17.5 kg·m−3·day−1), the feeding interval was reduced to three hours.  
For the volumetric balance, every time in feeding, the same amount of process liquid was eluted from 
the anaerobic filter and collected in the other tank (Tank2 in Figure 1) and then distributed to the 
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leach-bed reactors evenly. The working volume of the anaerobic filter was constantly controlled by a 
liquid level sensor (Liquicap T FMI21, Endress + Hauser, Reinach, Switzerland). 
Table 1. Chemical characteristics of the maize silage. 
Parameter Content (g·kg−1) 
ODM 265.6 ± 19.5 
Acetic acid 7.7 ± 1.2 
Propionic acid 0.3 ± 0.2 
iso-Butyric acid 0 
n-Butyric acid 0.04 ± 0.02 
iso-Valeric acid 0 
n-Valeric acid 0 
Capronic acid 0 
DL-Lactic acid 18.8 ± 2.1 
Fructose 2.5 ± 0.4 
Ethanol 1.2 ± 0.3 
Propylene glycol 2.2 ± 0.7 
2.2. Experimental Procedure 
At the beginning of the experiment, the anaerobic filter was inoculated with 26 liters of effluent 
from another fixed-bed anaerobic reactor that had been running for more than two years. The general 
composition of the inoculum can be referred to Zielonka et al. [12]. The start-up period lasted 
approximately four months, allowing biofilm development in the anaerobic filter. After that, the 
experiment on the OLR effects on the pressurized anaerobic filter in a two-phase anaerobic digestion 
process began. 
The experiment on OLR effect on the performance of the pressurized anaerobic filter was divided 
into 12 runs. From run 1 to run 6, the absolute working pressure of the anaerobic filter was maintained 
at 9 bar. The OLR(COD) applied to the anaerobic filter reactor was stepwise increased from  
5 kg·m−3·day−1 to 17.5 kg·m−3·day−1 by increasing the influent flow rate to the reactor. The influent 
COD concentration varied between 19.1 and 23.6 kg·m−3. Due to the increase of the OLR at a 
relatively constant COD concentration in the leachate, the HRT was correspondingly reduced from 3.9 to 
1.2 day. After run 6, the anaerobic filter entered recovery phase, in which it was operated at 1.5 bar 
with OLR(COD) of 5 kg·m−3·day−1. In this way, the accumulated acids from previous experiment runs 
were removed and the anaerobic filter returned to normal condition and was well prepared for the 
subsequent experiments. At runs 7–12, the working pressure of the anaerobic filter reactor was kept  
at 1.5 bar. The same OLR(COD) (5, 7.5, 10, 12.5, 15 and 17.5 kg·m−3·day−1) were tested. Each 
experimental run lasted for at least 18 days, in order to ensure that a minimum 12-day steady state was 
reached at a particular experimental condition. The whole experimental design is summarized in  
Table 2. Throughout the experiments, no additional caustic chemicals were added for pH adjustment  
or to maintain process stability. 
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Table 2. Experimental design. 
Run Working pressure  
(bar) 
OLR(COD) 
(kg·m−3·day−1) 
Duration 
(day) 
HRT 
(day) 
1 9 5.0 ± 0.1 28 3.9 ± 0.2 
2 9 7.5 ± 0.1 18 3.2 ± 0.2 
3 9 10.0 ± 0.1 27 2.3 ± 0.1 
4 9 12.5 ± 0.1 23 1.8 ± 0.03 
5 9 15.0 ± 0.2 42 1.4 ± 0.1 
6 9 17.5 ± 0.3 51 1.2 ± 0.1 
Recovery 1.5 5–10 23 - 
7 1.5 5.0 ± 0.1 19 3.9 ± 0.2 
8 1.5 7.5 ± 0.1 19 2.6 ± 0.1 
9 1.5 10.0 ± 0.1 25 2.3 ± 0.1 
10 1.5 12.5 ± 0.2 18 1.6 ± 0.04 
11 1.5 15.0 ± 0.3 29 1.5 ± 0.1 
12 1.5 17.5 ± 0.2 31 1.3 ± 0.1 
2.3. Analytical Methods and Data Acquisition 
In this study, a pH-sensor (Endress+Hauser CPS11D), a pressure sensor (Endress+Hauser 
Ceraphant T PTC31) and a temperature sensor (Greisinger GTF 103 Pt100) continuously kept track of 
the system operation in the anaerobic filter, and the data were recorded using Labview 11.0.1 (National 
Instruments, Austin, TX, USA). The quantity and quality of the collected gas was analyzed every six 
hours. The gas volume was measured by a gas meter (Ritter TG20/5, Bochum, Germany), and 
corrected to dry gas at a standard temperature and pressure (STP). The gas composition was 
determined with an infrared gas analyzer (Sick Maihak S710, Waldkirch, Germany).  
Every other day, the effluent from the anaerobic filter was sampled and underwent chemical 
analyses on COD, VFAs and the content of sugar, alcohol and total inorganic carbon (TIC). The 
collected leachate from the leach-bed-reactors was analyzed for the same parameters on a weekly 
basis. The content of organic dry matter (ODM), VFAs, sugar and alcohol in the maize silage was 
measured once a week. ODM was evaluated according to the VDI-Guideline 3475. COD was assessed 
by a specific COD analysis system (Hach Lange Company, Düsseldorf, Germany), equipped with  
pre-dosed reagents (LCK014, 1000–10,000 mg·L−1), a high temperature thermostat (HT 200 S) and a 
sensor array photometer (LASA 20). Volatile fatty acids were detected with capillary column gas 
chromatography (Varian CP-3800, Palo Alto, CA, USA). By means of high-performance liquid 
chromatography (Bischoff Company, Leonberg, Germany), DL-lactic acid, formic acid, sucrose, 
glucose, fructose, ethanol and propylene glycol content were assessed. Prior to gas chromatography 
and high-performance liquid chromatography analyses, the soluble analytes from maize silage were 
extracted. TIC was determined with a titrator (785 DMP Titrino, Metrohm, Herisau, Switzerland). All 
the obtained data were statistically analyzed with the ANOVA program in R-Studio. 
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3. Results 
3.1. Influent to the Pressurized Anaerobic Filter 
In the leach-bed reactors, maize silage was broken into organic acids and alcohols through 
microbial activity. The amount of the acids formed and the proportion of the individual acids were 
dependent on substrate properties. The entire experiment in this study lasted approximately one year. 
As summarized in Table 1, the composition of the maize silage adopted in this experiment varied in 
acids and sugar content to some extent. Therefore, the leachate from the leach-bed reactors that was 
used as substrate for the pressurized anaerobic filter underwent corresponding slight changes in acid 
composition as well as COD concentration (Table 3). Among them, the variation of acetic acid-,  
n-butyric acid- and DL-lactic acid concentration was significant. The influent COD concentration 
during the experiment at working pressure of 9 bar and 1.5 bar ranged from 19.1 to 23.6 kg·m−3, and 
19.5 to 23.4 kg·m−3, respectively. 
Table 3. Organic composition of the leachate as substrate for the pressurized anaerobic 
filter reactor. 
Run COD 
(kg·m−3) 
Acetic acid 
(g·kg−1) 
Propionic 
acid (g·kg−1) 
n-Butyric 
acid (g·kg−1) 
Capronic 
acid (g·kg−1) 
DL-lactic 
acid (g·kg−1) 
Ethanol 
(g·kg−1) 
1 19.1 ± 0.2 2.4 ± 0.1 0.6 ± 0.05 3.4 ± 0.3 0.6 ± 0.1 0.4 ± 0.3 0.5 ± 0.07 
2 23.6 ± 0.2 3.6 ± 0.1 0.6 ± 0.1 4.4 ± 0.2 0.6 ± 0.1 0.8 ± 0.1 1.0 ± 0.1 
3 22.6 ± 0.2 3.5 ± 0.1 0.4 ± 0.02 4.9 ± 0.2 0.4 ± 0.05 0.5 ± 0.1 0.9 ± 0.1 
4 22.2 ± 0.1 4.4 ± 0.1 0.6 ± 0.04 4.4 ± 0.4 0.6 ± 0.04 0.3 ± 0.1 0.6 ± 0.02 
5 21.0 ± 0.2 3.6 ± 0.2 0.6 ± 0.05 5.0 ± 0.3 0.5 ± 0.03 0.8 ± 0.2 0.7 ± 0.1 
6 19.3 ± 0.3 2.4 ± 0.1 0.4 ± 0.01 4.3 ± 0.2 0.3 ± 0.02 0.6 ± 0.1 0.5 ± 0.04 
7 20.1 ± 0.2 2.3 ± 0.3 0.5 ± 0.1 4.0 ± 0.5 0.5 ± 0.3 1.8 ± 0.3 0.6 ± 0.1 
8 19.5 ± 0.4 2.5 ± 0.1 0.2 ± 0.02 2.8 ± 0.1 0.1 ± 0.02 3.2 ± 0.3 0.8 ± 0.06 
9 22.9 ± 0.6 2.7 ± 0.1 0.3 ± 0.06 3.7 ± 0.2 0.2 ± 0.03 2.9 ± 0.4 1.0 ± 0.1 
10 20.8 ± 0.1 1.9 ± 0.1 0.4 ± 0.02 3.2 ± 0.3 0.1 ± 0.01 4.3 ± 0.2 0.3 ± 0.05 
11 23.2 ± 0.1 2.2 ± 0.1 0.4 ± 0.04 5.3 ± 0.1 0.3 ± 0.02 2.0 ± 0.3 0.8 ± 0.06 
12 23.4 ± 0.2 2.5 ± 0.1 0.4 ± 0.06 4.7 ± 0.3 0.2 ± 0.04 2.5 ± 0.3 1.0 ± 0.04 
3.2. Effect of OLR on Gas Production 
Figure 2 illustrates specific biogas productivity (SBP) and specific methane productivity (SMP) 
under different OLRs and different pressures. In this study, SBP and SMP stand for the daily collected 
biogas and methane amount per active working volume of the anaerobic filter. From OLR(COD) of 5 to 
12.5 kg·m−3·day−1, the SBP at 1.5 bar and 9 bar showed a clear upward tendency, gradually increasing 
from 2.4 ± 0.05 to 6.0 ± 0.2 L·L−1·day−1 and from 2.1 ± 0.05 to 5.3 ± 0.2 L·L−1·day−1, respectively. 
However, the increase in SBP at 9 bar retarded significantly with OLR further rising. At OLR(COD) of 
15 and 17.5 kg·m−3·day−1, the SBPs at 9 bar were only 6.0 ± 0.2 L·L−1·day−1 and 6.1 ± 0.3 L·L−1·day−1 
respectively. In contrast, the SBP at 1.5 bar continued strong growth, rising further to  
8.2 ± 0.2 L·L−1·day−1. Compared with 9 bar, the pressurized anaerobic filter running at 1.5 bar featured 
a higher SBP at each OLR. Nevertheless, the SMP at both pressures did not differentiate until the 
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OLR(COD) of 15 kg·m−3·day−1 was reached. It was observed that the reactor at 9 bar had less SMP at 
OLR(COD) higher than 15 kg·m−3·day−1. 
Figure 2. (a) Specific biogas productivity (b) Specific methane productivity at different 
OLR and pressure levels. The box plot is characterized with the minimum, low quartile, 
median, upper quartile and maximum value. Significant differences among the pressure levels are 
marked with asterisks (“***”: p < 0.001; “**”: p < 0.01; “*”: p < 0.05, LSD test). 
 
(a) 
 
(b) 
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The standard methane yield in terms of one gram fed COD is expressed as specific methane  
yield (SMY), which is demonstrated in Figure 3. At OLR(COD) of 5–12.5 kg·m−3·day−1, the SMY 
gained from 9 bar and 1.5 bar remained constant at 0.32 ± 0.01 LN·g−1COD. As OLR was further 
increased, the SMY at 9 bar slumped and ended at 0.25 ± 0.01 LN·g−1COD at OLR(COD) of  
17.5 kg·m−3·day−1. In contrast, the SMY at 1.5 bar was more stable at 0.31 ± 0.01 LN·g−1COD. 
Statistically, the SMY between the pressures did not show any significant difference until OLR was 
raised to 15 kgCOD·m−3·day−1. After that, the reactor running at pressure of 9 bar was characterized by 
much lower SMY. 
Figure 3. Specific methane yield at different OLR and pressure levels. The box plot is 
characterized with the minimum, low quartile, median, upper quartile and maximum value. 
Significant differences among the OLR levels are marked with different letters  
(p < 0.05, LSD test) and the significant differences among the pressure levels are marked 
with asterisks (“***”: p < 0.001; “**”: p < 0.01; “*”: p < 0.05, LSD test). 
 
As shown in Figure 4, the biogas composition was quite stable at a given working pressure despite 
OLR increasing. In comparison with OLR, pressure had a larger impact on biogas composition. During 
the entire experiment, the biogas produced at 9 bar comprised of 74.5% ± 1.3% CH4 and 24.6% ± 1.3% 
CO2, while CH4, and CO2 accounted respectively for 66.2% ± 1.1% and 33.3% ± 1.1% of the biogas 
produced at 1.5 bar. 
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Figure 4. Biogas composition at different OLR and pressure levels. The box plot is 
characterized with the minimum, low quartile, median, upper quartile and maximum value. 
Significant differences among the OLR levels are marked with different letters  
(p < 0.05, LSD test). 
 
3.3. Effect of OLR on pH Value and Acid Accumulation 
Figure 5 shows the average pH value for every three hours in the anaerobic filter. It was observed 
that the pH value at 9 bar was much lower than that at 1.5 bar. Despite a small fluctuation, the pH 
value of the anaerobic filter at 9 bar gradually decreased from 6.6 to 6.4, with OLR(COD) increasing 
from 5 kg·m−3·day−1 to 17.5 kg·m−3·day−1. In contrast, the pH-value at 1.5 bar was relatively stable, 
remaining at approximately 7.0 during the entire experiment.  
At the pressure of 9 bar, there was no distinct VFA accumulation until OLR(COD) of 15 kg·m−3·day−1. 
Afterwards, the concentration of VFAs in the effluent, especially acetic acid, propionic acid and  
n-butyric acid rose sharply (Table 4). Meanwhile, the COD degradation grade fell to 76% and the 
VFA/TIC ratio rose to 0.52. That contrasted with the effluent of the reactor running at 1.5 bar, where 
small amounts of VFAs were detected and overall COD degradation grade was more than 90% at each 
OLR level. The VFA/TIC ratio was always below 0.2 throughout the experiments. 
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Figure 5. pH value of the pressurized anaerobic filter at different OLR and pressure levels. 
The box plot is characterized with the minimum, low quartile, median, upper quartile and 
maximum value. Significant differences among the OLR levels are marked with different 
letters (p < 0.05, LSD test). 
 
Table 4. VFA concentration in the effluent of the anaerobic filter, COD degradation grade 
and alkalinity buffer capacity at different OLR and pressure levels. 
Parameter  
Pressure 
(bar) 
OLR(COD) (kg·m−3·day−1) 
5 7.5 10 12.5 15 17.5 
Acetic acid 
(g·kg−1) 
1.5 0 0 0 0.12 ± 0.01 0.14 ± 0.03 0.11 ± 0.03 
9 0.09 ± 0.03 0.09 ± 0.03 0.05 ± 0.04 0.11 ± 0.02 0.56 ± 0.03 0.69 ± 0.03 
Propionic acid 
(g·kg−1) 
1.5 0 0 0 0.05 ± 0.01 0.05 ± 0.01 0.07 ± 0.01 
9 0.02 ± 0.01 0.04 ± 0.01 0.02 ± 0.01 0.05 ± 0.01 0.24 ± 0.02 0.47 ± 0.03 
n-Butryric acid 
(g·kg−1) 
1.5 0 0 0 0 0 0 
9 0 0 0 0 0.08 ± 0.01 0.31 ± 0.04 
n-Valeric acid 
(g·kg−1) 
1.5 0 0 0 0 0 0 
9 0 0 0 0 0.03 ± 0.01 0.10 ± 0.01 
Carpronic acid 
(g·kg−1) 
1.5 0 0 0 0 0 0 
9 0 0 0 0 0.02 ± 0.01 0.06 ± 0.01 
VFA/TIC 
1.5 0.14 ± 0.02 0.13 ± 0.01 0.13 ± 0.02 0.17 ± 0.01 0.18 ± 0.01 0.14 ± 0.01 
9 0.22 ± 0.01 0.23 ± 0.01 0.19 ± 0.02 0.19 ± 0.02 0.33 ± 0.01 0.52 ± 0.05 
COD degradation 
grade (%) 
1.5 90.9 ± 0.2 90.4 ± 0.2 90.7 ± 0.2 90.9 ± 1.0 90.2 ± 1.1 90.4 ± 2.4 
9 91.9 ± 0.6 91.0 ± 1.3 90.5 ± 1.7 90.6 ± 0.8 83.5 ± 1.8 75.9 ± 3.4 
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4. Discussion 
4.1. Critical OLR and HRT 
In this study, the OLR was gradually increased by increasing the influent flow rate, and thus HRT 
decreased correspondingly. As shown in the results, daily biogas and methane production at 9 bar 
peaked at OLR(COD) of 17.5 kg·m−3·day−1 with HRT of 1.2 day. However, at OLR(COD) of higher than  
15 kg·m−3·day−1, SMY and COD degradation grade declined noticeably and VFAs built up in the 
anaerobic filter, indicating that the substrate could not be decomposed in time, and the reactor 
performance was limited. Under this condition, 12.5 kgCOD·m−3·day−1 and 1.8 d could be taken as 
the critical OLR and HRT for the anaerobic filter running at 9 bar, where the reactor was 
characterized by high SMP and SMY, high reduction in COD and high alkaline buffer capacity.  
In the experiment of 1.5 bar, maximal daily biogas and methane production were observed at 
OLR(COD) of 17.5 kg·m−3·day−1 with HRT of 1.3 day. There, SMY, COD degradation grade and 
alkaline buffer capacity stayed at as high a level as in previous runs and no apparent acid accumulation 
was detected. It can be inferred that the anaerobic filter reactor at 1.5 bar had not reached its critical 
OLR and HRT, and it had potential to perform at even higher OLR with shorter HRT. 
However, even in the case of the anaerobic filter operated at 9 bar, the critical OLR(COD) and HRT 
was outstanding, in comparison to most fixed bed reactors in practice, which are reported to perform 
generally at 6–10 kg·m−3·day−1 with HRT between 0.75 and 7 day [13]. That benefited primarily from 
the two-phase anaerobic digestion system. The substrate fed into the pressurized anaerobic filter was 
already pre-digested in the first phase. Therefore, the substrate became more easily degradable and 
could be completely converted into biogas in a shorter time [14]. In addition, due to the large and porous 
specific surface, the use of sintered glass as a carrier material in bioreactors could be another reason 
for achieving a higher COD degradation rate, compared with conventional carrier materials [15]. Both 
factors helped the reactor to proceed at a relatively high OLR with short HRT. 
4.2. Reactor Performance and Stability 
At lower OLR(COD) (up to 12.5 kg·m−3·day−1) and longer HRTs (more than 1.8 day), the anaerobic 
filter was running smoothly and efficiently at both pressures. SMYs of 9 bar and 1.5 bar were almost 
the same, approximately 0.32 LN·g−1COD. The pressure seemed to have little impact on SMY, which 
is in agreement with the observation from a previous study [5]. High CO2 partial pressure brought the  
pH value of the reactor at 9 bar down to 6.5. Generally, such a low pH value favored unionized VFAs 
to penetrate the microbial cell wall and inhibited the growth rate of the methanogens [16]. Apparently, 
in this study, the inhibition was not significant enough to hinder the methanogens converting VFAs to 
gas products. At OLR(COD) up to 12.5 kg·m−3·day−1, COD degradation grade remained more than 90%, 
and almost no VFA built up in the reactor. This might be attributed to the thick biofilm formed in the 
reactor with the help of the sintered glass as a carrier material. Several papers reported that there were 
pH gradients in the biofilm system and the pH value inside methanogenic aggregates was higher than 
that in the process liquid [17,18]. Thus, the adverse impact might have been smoothed. 
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4.3. Biogas Composition 
The biogas collected at 9 bar contained significantly more methane than that collected at 1.5 bar in 
each studied OLR. It can be attributed to the remarkable difference in solubility between CH4 and CO2 
under pressure. At a higher pressure, more CO2 is dissolved in the liquid and then CH4 becomes 
dominant in the gas phase. Methane enrichment in anaerobic digestion under pressure was also 
documented elsewhere [5–7,19]. However, in terms of the absolute value, the methane content was not 
as high as reported in other studies. It is mainly due to the low pH-value of the substrate in the reactor. 
In this study, the anaerobic filter was running at pH lower than 6.5 at 9 bar. The decrease of the  
pH value tends to result in a reduction of CO2-solubility [20]. Calculations based on Henry’s Law 
show at the same pressure, the solubility of CO2 at a pH value of 7.5 is about seven times as much as 
that at a pH value of 6.5. The drop in pH value counteracts the pressure effect on CO2-solubility, and 
thus the methane enrichment in this study was not that apparent.  
Despite a slight fluctuation, the biogas composition at both pressures, as a whole, remained on the 
same level throughout the entire experiment. This could be explained from the perspective of the 
interaction of OLR, influent COD concentration and pH value. Based on Henry’s Law, the amount of 
dissolved CO2 and CH4 is directly proportional to their respective partial pressure in the anaerobic 
filter. That means, the solution is saturated with CO2 and CH4 in a dynamic equilibrium with the gas 
phase. Only the leachate newly introduced from the pressure-free tank into the pressurized anaerobic 
filter, as feeding, has a capacity to absorb CO2 and CH4. With the constant operational parameters 
(temperature, pressure and pH value), the amount of dissolved CO2 is dependent on the volume of the 
leachate fed to the anaerobic filter, in other words, the influent COD concentration. 
After reaching the critical OLR, both COD degradation grade and SMY started to diminish 
noticeably at 9 bar. On the one hand, a unit of feeding volume produced less gas. Then, the part of CO2 
that stayed in the gas phase in the previous gas-liquid equilibrium could enter the liquid phase, while 
the movement of CH4 could be neglected due to its extremely low solubility. This tended to decrease 
the CO2 percentage in the gas phase. On the other hand, the undigested acids accumulated in the reactor, 
bringing down the pH value, which in turn decreased CO2 solubility [20]. The two factors counteracted 
each other, and thus the biogas composition still stayed in the same range despite overloading. 
In comparison, the biogas quality and pH value at 1.5 bar were much more stable. There are two 
possible reasons for this. Firstly, the reactor did not reach its critical OLR. Few acids accumulated in 
the anaerobic filter, which ensured a stable pH value and thereby the CO2 stored in the liquid was 
fairly constant. Secondly, the low total working pressure resulted in a low CO2 partial pressure. Thus, 
less CO2 is dissolved as carbonic acid at 1.5 bar. Considering the absolute amount, it was less of a 
burden on the alkaline buffer capacity. In other words, the reactor at 1.5 bar could better resist the 
changes of pH value. Therefore, the Henry coefficient of CO2 and CO2 solubility did not fluctuate 
much at 1.5 bar. As a result, the biogas quality at 1.5 bar did not respond so strongly to the influent 
COD concentration as it did at 9 bar. 
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5. Conclusions and Outlook 
The study compared the performance of an anaerobic filter operated at two different pressures  
(9 bar and 1.5 bar) with OLR(COD) stepwise increasing up to 17.5 kg·m−3·day−1. The pressure itself did 
not exert a direct effect on the process stability of anaerobic digestion. However, the low pH value 
inside the reactor induced by high CO2 partial pressure, seemed to limit the reactor’s performance  
at high OLRs with short HRTs. The reactor at 9 bar proceeded well until the critical OLR(COD)  
(12.5 kg·m−3·day−1) and HRT (1.8 day) was reached, regardless of pH value as low as 6.5. The SMY 
lay between 0.31 and 0.32 LN·g−1COD and COD degradation grade was over 90%, and both values 
were in accordance with those of the reactor at 1.5 bar. At OLR(COD) higher than 12.5 kg·m−3·day−1, 
process inhibition was observed at the reactor at 9 bar, while the SMY and COD degradation grade of the 
reactor at 1.5 bar remained at the same level as previously, even at OLR(COD) of 17.5 kg·m−3·day−1, with 
HRT of 1.3 day. In terms of biogas quality, the biogas collected at 9 bar featured a higher methane 
content at each studied OLR. In addition, the biogas composition at 9 bar seemed more sensitive to 
influent COD concentration. Therefore, it is essential to enhance the performance stability of the reactor 
operated under high pressure. It could be done with relevant research on how to economically and 
effectively avoid pH value drop inside the pressurized reactor. Furthermore, a research approach to 
explore OLR effect on pressurized anaerobic digestion with fixed HRT and same influent chemical 
concentration is recommended. With a proper HRT, the pressurized anaerobic filter might perform well 
at an even higher OLR(COD) (more than 12.5 kg·m−3·day−1). Thus, an economical and efficient 
performance of pressurized anaerobic digestion in a large-scale plant might be also expected. 
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